Serum response factor (SRF) and myocyte enhancer factor 2 (MEF2) represent two types of members of the MCM1, AGAMOUS, DEFICIENS, and SRF (MADS)-box transcription factor family present in animals and fungi. Each type has distinct biological functions, which are reflected by the distinct specificities of the proteins bound to their cognate DNAbinding sites and activated by their respective cofactors. However, little is known about the evolution of MADS domains and their DNA-binding sites. Here, we report on the conservation and evolution of the two types of MADS domains with their cognate DNA-binding sites by using phylogenetic analyses. First, there are great similarities between the two types of proteins with amino acid positions highly conserved, which are critical for binding to the DNA sequence and for the maintenance of the 3D structure. Second, in contrast to MEF2-type MADS domains, distinct conserved residues are present at some positions in SRF-type MADS domains, determining specificity and the configuration of the MADS domain bound to DNA sequences. Furthermore, the ancestor sequence of SRF-and MEF2-type MADS domains is more similar to MEF2-type MADS domains than to SRF-type MADS domains. In the case of DNA-binding sites, the MEF2 site has a T-rich core in one DNA sequence and an A-rich core in the reverse sequence as compared with the SRF site, no matter whether where either A or T is present in the two complementary sequences. In addition, comparing SRF sites in the human and the mouse genomes reveals that the evolution rate of CArG-boxes is faster in mouse than in human. Moreover, interestingly, a CArG-like sequence, which is probably functionless, could potentially mutate to a functional CArG-box that can be bound by SRF and vice versa. Together, these results significantly improve our knowledge on the conservation and evolution of the MADS domains and their binding sites to date and provide new insights to investigate the MADS family, which is not only on evolution of MADS factors but also on evolution of their binding sites and even on coevolution of MADS factors with their binding sites.
Introduction
The MCM1, AGAMOUS, DEFICIENS, and SRF (MADS)-box genes encode for a family of highly conserved transcriptional regulators involved in a diverse range of important biological functions. Among these are embryogenesis and flower and root development in plants (Ng and Yanofsky 2001; Fornara et al. 2003; Thakare et al. 2008; Adamczyk and Fernandez 2009; Zheng et al. 2009 ), immediate early gene expression and muscle differentiation and maintenance in animals (Treisman and Ammerer 1992; Sun et al. 2006; Potthoff and Olson 2007; Flavell et al. 2008) , and celltype-specific transcription and pheromone response in yeast (Herskowitz 1989; Treisman and Ammerer 1992; Shore and Sharrocks 1995) . The family name itself is derived from the abbreviation of its earliest founder members ), MCM1 from yeast (Passmore et al. 1989) , AGAMOUS from Arabidopsis thaliana (Yanofsky et al. 1990 ), DEFICIENS from Antirrhinum majus , and serum response factor (SRF) from human (Norman et al. 1988 ), all of which are characterized by the MADS domain (56-60 amino acids) in the N terminal region responsible for DNA binding, protein dimerization, and cofactor interactions (Pellegrini et al. 1995; Shore and Sharrocks 1995; Ng and Yanofsky 2001; Immink et al. 2002; Messenguy and Dubois 2003) .
Phylogenetic analysis has shown that the MADS domain family can be divided into two main lineages, called type I and type II (Alvarez-Buylla et al. 2000) . Because both the type I and type II genes are present in plants, animals, and fungi, it suggests that a duplication event has occurred in the MADS-box lineage before the divergence of plants from fungi and animals (Alvarez-Buylla et al. 2000) . In plants, type II proteins comprised an MADS (M) domain, an intervening (I) domain, a keratin-like (K) domain, and a C-terminal (C) region and, therefore, also called MIKCtype proteins (Munster et al. 1997; Kaufmann et al. 2005) . In contrast to type II proteins, type I proteins lack a clear K domain and are sometimes called M-type proteins (Kofuji et al. 2003; Parenicova et al. 2003) . In the case of animals and fungi, type I and type II proteins are referred to as SRF-like (e.g., SRF, ARG80, and MCM1) and MEF2-like proteins, respectively. In addition, except for the MADS domain, they also contain an additional conserved region, the SRF, ARG80, and MCM1 (SAM) domain, and the MEF2 domain, respectively (Shore and Sharrocks 1995; AlvarezBuylla et al. 2000) . Although these MADS domain proteins bind to A/T-rich DNA sequences in common (de Folter and Angenent 2006) , however, there are distinct consensus sequences: SRF binds as a homodimer specifically to a 10-bp consensus CC(A/T) 6 GG, called the CArG-box or SRF site (Pollock and Treisman 1990) , whereas MEF2 proteins bind as homo-and heterodimer to another 10-bp consensus CTA(A/T) 4 TAG, called MEF2 site (Pollock and Treisman 1991; Andres et al. 1995) . Furthermore, when SRF binds to a CArG-box, it causes a dramatic DNA bending (;72°), whereas when MEF2 binds to a MEF2 site, it induces a minimal DNA bending (;17°) (Pellegrini et al. 1995; West et al. 1997; Santelli and Richmond 2000) . Little is known, however, about the evolution of the MADS domains of MEF2 and SRF with their cognate DNA-binding sites.
Here, based on phylogenetic analyses, we report results on the conservation and evolution of the MADS domains of SRF and MEF2 factors, and SRF-binding sites in gene regulatory regions, particularly the binding positions in MADS domains contacting with their cognate DNA-binding positions. In addition, we infer the ancestor of SRF-and MEF2-type MADS domains to try to reveal the process of MADS domain evolution. Finally, we describe the generation and disruption of functional CArG-boxes bound by SRF. Together, these results provide to date the most comprehensive view of the evolution of MADS domains and their binding sites in animals and fungi.
Materials and Methods

Data Collection
Orthologous and paralogous proteins of SRF-and MEF2-type factors were retrieved from The National Center for Biotechnology Information (NCBI) (Wheeler et al. 2007) . A Perl script was written to capture the MADS domain regions of these transcription factors (58 amino acids as MADS domain length was used) (see supplementary material S1, Supplementary Material online). On the other hand, hundreds of SRF-binding sites (see supplementary material S2, Supplementary Material online) including positions with respect to transcription start sites (TSSs) of the target genes from the mouse and human genomes were collected from the literature (Miano 2003; Philippar et al. 2004; Selvaraj and Prywes 2004; Zhang et al. 2005; Balza and Misra 2006; Sun et al. 2006; Cooper et al. 2007; Petit et al. 2008) . These binding sites are all verified in vivo by experimental approaches to regulate the corresponding SRF target gene transcription and expression. For example, Sun et al. (2006) employed at least two of several validations including luciferase reporter, gel shift, chromatin immunoprecipitation (ChIP), and mRNA expression following RNAi knockdown of SRF to identify 60 CArG boxes exerting influence on mouse gene regulation. Another example is that Cooper et al. (2007) employed ChIP-on-chip in combination with quantitative polymerase chain reaction to identify 146 SRF-binding sites in the human genome to regulate gene expression. Subsequently, the promoters of these genes containing SRF-binding sites were retrieved using transcript IDs (SRF target genes) against the Database of Transcription Start Sites (DBTSS, version 6.0) (Wakaguri et al. 2008 ) and then a Perl script was written to capture 80 nucleotides on each side of SRF-binding sites using CArG sequences and their corresponding positions to TSS. Finally, we employed these 170 nucleotide length sequences including SRF-binding site in the centre to retrieve homologous sites from other three mammals, that is, dog, cow, and human (when the searched sequence was from mouse) or mouse (when the searched sequence was from human) against the corresponding reference genomic sequences (refseq_genomic) by BLAST searches. The E-value cutoff for the searches was initially set at 1 Â 10
À10
, where hits with higher E-values were evaluated manually whether these sequences were homologous. Among these retrieved homologous sites, most are of the same CArG nucleotide composition in mouse and human, however, we just collected the homologous SRF sites that had one or more substitutions in mouse or in human (see table 2 ).In the case of MEF2-binding sites, we collected over 200 binding sites (see supplementary material S3, Supplementary Material online) in vivo from the literature (Andres et al. 1995) . In their research, Andres et al. selected its optimal DNA targets from a library of degenerate oligonucleotides using anti-MEF2A, anti-MEF2C, and anti-MEF2D antibodies combined with Electrophoretic Mobility Shift Assay to identify DNAbinding sites in skeletal muscle, heart, and brain. These binding sites were then used as the representation of MEF2 sites.
Logos of SRF-Type, MEF2-Type MADS Factors, and their DNA-Binding Sites Logos of the MADS domains of SRF-and MEF2-type factors were generated using WebLogo (using default parameters) online (Crooks et al. 2004 ). Logos of their DNA-binding sites were generated using enoLOGOS online (Workman et al. 2005) . Bits in Y axis (see figs. 1 and 4) represent the amount of information content (IC) at each position of the sequences. Given the strong effect of background frequencies of nucleotides on IC (Stormo 2000; Workman et al. 2005; Haeseleer 2006) , guanine-cytosine content of the corresponding genomes was used as background frequency to calculate IC at each position of these DNA-binding sites as below: 
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Types of CArG-Boxes
Functional CArG-boxes were collected from literature (see Data Collection) and were classified based on the nucleotide composition across the 10-bp nucleotides, and the same nucleotide composition in a CArG-box was assigned to the same type of CArG-box. In other words, a CArG type comprises the same nucleotide composition across the 10-bp CArG sequences. For example, CCAAATTTGG and CCAAATTTGG were assigned to the same CArG type, whereas CCAAAAATGG was assigned to another CArG type. To test the difference of CArG-boxes between human and mouse, Z-test was used as following: Z5
, where P 1 and P 2 represent the ratios of CArG-type number to CArG box number in human and in mouse, respectively; N 1 and N 2 represent the numbers of CArG boxes in human and in mouse, respectively; and P 0 represents the ratio of the total number of CArG types to the total number of CArG boxes in the two species.
Inference of the Ancestor of SRF-and MEF2-Type MADS Domain Regions
When inferring the ancestor of SRF-and MEF2-type MADS domains, we used the software named ''ANCESTOR'' that is based on the distance-based Bayesian method (Zhang and Nei 1997) . Before the inference, we used the phylogenetic relationships from TreeFam (Tree families database) (Li et al. 2006) corrected by the constructed tree of MADS factors in animals and fungi generated using ClustalX2 (Larkin et al. 2007 ) as the known phylogenetic relationships. Then, we used ANCESTOR (employing default parameters) with this phylogenetic relationships to infer the ancestor of SRFtype MADS domains and the ancestor of MEF2-type MADS domains in eukaryotes, respectively. Last, combined with the MADS domains (here including MADS-like domains) of protista, bacteria, and phages, we inferred the common ancestor of SRF-and MEF2-type MADS domains. TreeView X (Page 1996) was used to open the files of constructed trees and TreeGraph 2 (Muller J and Muller K 2004 ) was used to make some modifications.
Results and Discussion
More than 100 SRF-and MEF2-type MADS factors from animals, fungi, and protista were collected from NCBI and their MADS domains were extracted using a Perl script. From the literature (Miano 2003; Philippar et al. 2004; Selvaraj and Prywes 2004; Zhang et al. 2005; Balza and Misra 2006; Sun et al. 2006; Cooper et al. 2007; Petit et al. 2008) , over 400 SRF-binding sites, which were experimentally verified functional in vivo, were found in the mouse and human genomes, in addition, over 200 MEF2-binding sites were found in the mouse (Andres et al. 1995) . Implication of MADS Domains and DNA-Binding Sites · doi:10.1093/molbev/msq214
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Conservation and Evolution of SRF-and MEF2-Type MADS Domains
Despite the absence of their natural C-terminal, the MADS domains of SRF and MEF2 remain sufficient to mediate the correct DNA-binding specificity (Nurrish and Treisman 1995; West et al. 1997; Santelli and Richmond 2000) . This leads us to investigate the conservation and evolution of SRF-and MEF2-type MADS domains compared with their respective consensus binding sites. We generated Sequence Logos ( fig. 1 ) of the two types of MADS domains using WebLogo (Crooks et al. 2004 ) to examine the conservation and evolution in and between SRFand MEF2-type MADS domains. There are 17 positions, that is, 2, 4, 5, 10, 16, 19, 20, 22, 23, 24, 26, 29, 30, 31, 33, 34 , and 37 (for convenience, the first residue of the MADS domain is designated position 1), almost totally conserved and some other positions are highly conserved, such as 1, 28, 32, 35, 44, and 57 in both the SRF-and MEF2-type MADS domains. In contrast, there are still some positions with profoundly different amino acid properties in the two types, such as 13, 14, 15, 41, 49, 55, and 56. The remaining positions are partly conserved or variable but with similar amino acid properties between the two types of MADS domains. In addition, the analysis of mutual information (see supplementary material S4, Supplementary Material online) on MADS domains generated from eno-LOGOS (Workman et al. 2005) revealed that there are covariations between positions 3, 6, 8, 11, 13, 17, and 25, among which, position 13 is very important in determining the bending of the DNA upon binding of the MADS domain proteins (West et al. 1997) . In summary, positions from 1 to 37, that is, N-terminal and aI-helix, have great similar conserved amino acids between SRF-and MEF2-type MADS domains, whereas positions from 38 to 58, that is, b-strands, have different conserved amino acids between SRF-and MEF2-type MADS domains. The explanation for the similar conserved positions (1-37) is that all protein-DNA contacts of the SRF-and MEF2-type MADS domains are common confined to the N-terminal extension and aIhelix except for b-loop of SRF to DNA (Pellegrini et al. 1995; Santelli and Richmond 2000) . Whereas the explanation for different conserved positions (38-58) is that SRF and MEF2 proteins have different dimerization patterns (West and Sharrocks 1999; Huang et al. 2000; Santelli and Richmond 2000) , which need the specific contribution of b-strands.
Although they share strong sequence similarities and bind DNA sites commonly via aI-helix and N-terminal, the MEF2-type MADS domain induces minimal DNA bending (about 17°) as compared with the dramatic DNA bending (about 72°) induced by the SRF-type MADS domain (Pellegrini et al. 1995; West et al. 1997; Santelli and Richmond 2000) . Each MADS domain (see fig. 1 ) contains a long aI-helix and an 11 amino acid N-terminal random coil (N-extension) comprising the DNA contacting layer, and two b-strands connected by a b-turn forming the middle layer playing a major role in the dimerization (Pellegrini et al. 1995; Tan and Richmond 1998; Santelli and Richmond 2000) . The highly conserved residues are R2, K4, and I5 in the N-terminal, and K22, R23, K24, G26, K29, K30, and E33 residues in the aI-helix, all of them are indispensable for the DNA binding. For example (Santelli and Richmond 2000) , in N-terminal region, I5 interacts with the phosphodiester backbone to push R2 into the DNA groove and to promote that K4 making a salt link with the phosphate group of A þ 1, another example (Santelli and Richmond 2000) in aIhelix is K22 and K29 hydrogen bond to DNA from the major groove side as compared with R23 and K30 hydrogen bonding to DNA from the minor groove side, and R23 and K29 are linked together through hydrogen bonds with E33 forming a seemingly rigid constellation of side chains important for specifying the local DNA conformation. Other conserved residues are probably critical for the proper positioning of the highly conserved residues to bind DNA, for protein dimerizing with other MADS factors, and for maintaining the folded conformation of the protein. In contrast to the similarities, the primary differences between the two types are at positions 2-3 in the N-terminal, position 13 in the aI-helix, and positions 48-53 in the b-loop. In the process of the MADS domain binding to DNA sites (Pellegrini et al. 1995; Santelli and Richmond 2000) , the N-terminal penetrates the minor groove formed by the A/T-rich nucleotides, and R2 side chain (SRF) lies in the minor groove with the opposite orientation as compared with the homologous R2 (MEF2); the basic residues K13 and K24 (SRF) cause DNA bending through their interaction with DNA phosphate groups and then facilitate T50 and H52 binding to flanking DNA outside the CArG box in the major groove, somewhat explaining the presence of conserved positions in the SRF-CArG-binding context as described previously by us , whereas the acid residue E13 (MEF2) cannot directly bind to DNA phosphate groups and hence not facilitate the b-loop binding to the DNA. This scenario explains well positions 48-52 are highly conserved in SRF-type MADS domains compared with relatively less conserved in MEF2-type MADS domains. In addition to K13 promoting that T50 and H52 bind to DNA phosphates, Y17 in SRF can form hydrogen bonds with T50 and influence the orientation of b-loop to the underlying aI-helix, whereas Q17 in MEF2 has no such function (Huang et al. 2000) . The main amino acid positions that induce different DNA bending between SRF-and MEF2-type MADS domains (Molkentin et al. 1996; West et al. 1997; West and Sharrocks 1999; Santelli and Richmond 2000) were listed in table 1.
Furthermore, the MADS domain usually does more than just bind to DNA. An example is that the C-terminal half of the MADS domain forms part of dimerization to reinforce the efficient dimerization by an additional domain (i.e., SAM domain in SRF-type proteins and MEF2-specific domain in MEF2-type proteins) adjacent to the MADS domain (West and Sharrocks 1999; Huang et al. 2000; Santelli and Richmond 2000) . Hence, we suggest that different dimerization patterns between SRF-and MEF2-type MADS domains is the main reason for the presence of Wu et al. · doi:10.1093/molbev/msq214 MBE different conserved amino acids in the C-terminal halves of SRF-type and MEF2-type MADS domains.
Ancestor of SRF-and MEF2-Type MADS Domains
We inferred the ancestor of SRF-and MEF2-type MADS domains (see fig. 2 ) to unravel the origin of the divergence of SRF-and MEF2-type MADS domains. First, we inferred the ancestor of MEF2A, MEF2B, MEF2C, and MEF2D mainly from vertebrates and then inferred their common ancestor with other MEF2-type MADS domains from animals and fungi. Second, we inferred the ancestor of SRF-type MADS domains from animals and fungi. Finally, we used the ancestor of MEF2, the ancestor of SRF, and other MADS domains from protista and bacteria to infer the ancestor of SRF-and MEF2-type MADS domains. For convenience, we designated the ancestor of SRF-and MEF2-type MADS domains as co-SRF-MEF2.
The ancestor sequence of MEF2-type MADS domains (referred to 109 in fig. 2 ) is ''GRKKIQIERISDDRNRQVT-FTKRKNGLMKKAYELSVLCDCEIALIIFNSNNKLFQYSS,'' the ancestor sequence of SRF-type MADS domains (referred to 173 in fig. 2 ) is ''GRRKIKIEFIDDKSRRHITFSKRKAGIMKK-AYELSTLTGTQVLLLVASETGHVYTFAT,'' and the ancestor sequence of MEF2-, SRF-type MADS domains from eukaryotes, and other MADS domains from bacteria and phage (referred to 108 in fig. 2 ) is ''GRRKIKIERIDDERNRQ-VTFTKRKAGLMKKAYELSVLCDCQIALIIANSNGKLFQYSS,'' which we designated as co-SRF-MEF2 in the following. Sequence alignment showed that the co-SRF-MEF2 is more similar to MEF2-type MADS domains than to SRF-type MADS domains. In addition, the analysis of MADS domains in bacteria and phage showed that these MADS domains are more similar to MEF2-type MADS domains than to SRFtype MADS domains. Especially, in that position 13 also shows preference for acidic residues as found in the MEF2-type MADS domain, which is the major determinant causing DNA bending. Furthermore, a recent study (Gramzow et al. 2010) proposed that the MADS domain originated from a region of topoisomerases IIA subunit A. From Gramzow's literature (2010), we collected MADS domains and partial sequences of TOPOIIA subunit A and aligned these sequences. Although the result showed position 13 in TOPOIIA subunit A is generally an Ile or Leu residue different from both MEF2-and SRF-type MADS domains, the adjacent position 12 in TOPOIIA showed a preference for Asp or Glu similar to that found in MEF2-type MADS domains at position 13, arbitrarily confirming that the ancestor sequence is more similar to MEF2-like MADS domain than to SRF-like MADS domain. These results led us to conclude that before the divergence of plants, fungi, and animals, a duplication event has occurred duplicating a MEF2-type MADS gene, giving rise to a SRF-type MADS gene.
MADS Binding Sites
In mammals, there is one SRF and four members of the MEF2 subfamily, in addition with their greater diversity by alternative splicing variants, belonging to the MADS domain family (Theissen et al. 1996) . The binding sites for these factors are similar to each other containing A/T-rich DNA sequences. However, there are still many different properties between SRF-and MEF2-binding sites in line with the differences between the SRF-and MEF2-type MADS domains.
We generated Sequence Logos ( fig. 3 ) of the binding sites for the two types of MADS domains using WebLogo (Crooks et al. 2004 ) to investigate similarities and differences between SRF sites and MEF2 sites. By comparing the Logos, we can see that, besides similarities, there are some important differences between the Logos of the two types of DNA-binding sites. In the middle (À3 to þ3), there is a common preference for A/T-rich sequence. However, at one strand of MEF2 sites, it appears to be only A at some positions, such as À1, þ1, and þ2, and only T at position þ3, and at the complementary strand of MEF2 sites, it appears to be T at positions À1, þ1, and þ2, and A at þ3. In contrast to the preference in MEF2 sites, it appears no matter A or T at the positions or at the complementary positions in SRF sites. In the case of the two sides (À4, À5, þ4, and þ5), there is preference for C and G at À5 and þ5 with subtle base substitutions for T and A roughly in common. However, there is preference for C and G in SRF sites with subtle base substitutions for T and A at À4 and þ4, respectively; on the contrary, in the case of MEF2 sites, T and A account for the same occupancy as C and G at À4 and þ4 in SRF sites.
X-ray crystal structures (Pellegrini et al. 1995; Santelli and Richmond 2000) showed that the DNA is bent overall to only 17°for MEF2 binding as compared with 72°for SRF binding. In addition, the A/T-rich region of the MEF2 site forms the minor groove of 3.7 Å and the major groove of 12.4 Å (Santelli and Richmond 2000) as compared with the minor groove of 8 Å and the major groove of 19.5 Å (Pellegrini et al. 1995) in the A/T-rich region of the SRF site. The two different conformational states of the DNA is not The helical twist in the centre of the MEF2 site induced by ApA (TpT) dinucleotides forms a narrower minor groove than that formed by the SRF site, and this narrower minor groove is in line with the short N-terminal extension of MEF2-type MADS factors and allows the DNA to bend a little when the MEF2 site is bound by MEF2. However, the helical twist, which is partly compensated and broadened by the ApT dinucleotides in the middle of the SRF site, forms the minor groove .2 times wider than in the MEF2 site (Pellegrini et al. 1995; Santelli and Richmond 2000) , and this wider minor groove suits the long N-terminal extension of SRF-type MADS factors well, allowing the DNA to bend more by binding to SRF. In addition, different nucleotides at two-sides (C À5 C À4 and G þ4 G þ5 in SRF sites and C À5 T À4 and A þ4 G þ5 in MEF2 sites) also contribute to DNA bending (West and Sharrocks 1999; Stepanek et al. 2007 ). For example, mutation of GG in SRF sites severely reduces DNA bending (West and Sharrocks 1999) . Intriguingly, the frequency of G and C at positions À1 and þ1 is very low in the SRF site ( fig. 3A, SRF site) , and the substitution of consensus CArG for a degenerate CArG would lower the binding capacity of SRF in vitro. For example, there is a degenerate CArG box (G substitution at position À1) located within 70-bp upstream region of the SM a-actin TSS and in vitro SRF binds to this region weakly. However, in vivo, during normal development, the substitution has no effect on SRF binding to this degenerate CArG box, but in injury-induced tissues, the substitution attenuates SRF binding to this degenerate CArG box (Hendrix et al. 2005) . These results indicate that sometimes there is adaptive selection in spite of commonly strong negative selection on the mutation of A (T) to G (C) at positions À1 and þ1.
Conservation and Evolution of SRF Sites in the Mouse and Human Genomes
Over 200 functional CArG-boxes (see Materials and Methods) were extracted from the mouse and human genomes to test the conservation level of SRF sites. Figure 4 presents the Logos of the CArG-boxes and reveals the similarities with the consensus CArG-box CC(A/T) 6 GG but also some differences between the binding sites of the human and mouse genomes. In detail, the outer 6 positions are most alike, although minor differences are observed (such as position þ3). However, the inner 4 positions have different properties: The CArG boxes in human favor more T À2 A À1 T þ1 A þ2 than in mouse, demonstrating that the functional constraints on CArG in human are stricter than in mouse. Furthermore, different IC generated from enoLOGOS (Workman et al. 2005 ) (see supplementary material S5, Supplementary Material online) of the CArG boxes implicates a different conservation level between the two species. CArG boxes with 12.256 bites in the human genome show that CArG occurs once expectedly every ;4,900 bp (2 12.256 ), whereas CArG boxes with 10.598 bites in the mouse genome show that CArG occurs once expectedly every ;1,550 bp (2 10.598 ). Interestingly, this data suggest that CArG boxes are more conserved in the human genome than in the mouse genome, which will be investigated more below.
In addition, we classified the functional CArG boxes into CArG types according to the nucleotide composition across the box from the mouse and the human genomes, respectively, and the results are depicted in fig. 5 . It can be seen that the number of CArG types is much greater in mouse than in human. Besides, Z-test (see Materials and Methods) also demonstrated that diversity of CArG boxes between mouse and human is significantly different (Z value 5 À4.8709 and P value , 0.0001 (5.55 Â 10
À7
). These results illustrate that functional CArG boxes are more conserved in human than in mouse and the diversity of CArG boxes in human is much lower than in mouse. 
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The data presented in figs. 4 and 5 suggest that the evolution rate of CArG boxes in the mouse genome is faster than that in the human genome. To further investigate this, we retrieved orthologous CArG boxes (see table 2) from both human and mouse since divergence from an outgroup species that of dog and/or cow (Madsen et al. 2001; Murphy et al. 2001; Reyes et al. 2004) . Two points can be observed from date in table 2. First, the evolution rate of CArG boxes in the mouse genome is indeed faster than that in the human genome. Second, interestingly, a CArG-like sequence that is probably functionless could potentially mutate into a functional CArG box, which can be bound by SRF (e.g., AGPT1 CCTATTAAGG of mouse), and conversely, a functional CArG box could mutate into a functionless CArG-like sequence that lose its function bound by SRF (e.g., STX12 CTATATTTGA of mouse). Although no direct evidence is yet available to support such a theory, some available indirect evidence (Tilly et al. 1998; Mack and Owens 1999; Strobeck et al. 2001; Freddie et al. 2007; Chen et al. 2010 ) that mutations of CArG boxes abolish the function in regulating gene expression lends support to this theory. These results give us some clues on the origin and disruption of functional CArG boxes. However, it also leads to one question: What factors drive functionless CArG-like sequences mutating into functional CArG boxes and vice versa? To try to answer this question, we searched the sequences flanking mutated functionless CArG-like sequences to examine whether there are other CArG boxes nearby, which might act as the bench CArG instead of the mutated one. Although, we indeed found a few CArG boxes flanking mutated boxes, it is not sufficient to demonstrate that one of these boxes can be bound by SRF. In addition, the adjacent positions of CArG box may also play roles on CArG mutation process. We hope that further experiments will be carried out to identify whether these flanking CArG boxes might be bound by SRF instead of the mutated ones to regulate gene transcription.
Conclusion
In summary, we mainly used phylogenetic analyses to study the conservation and evolution in and among MADS domains and their DNA-binding sites. The analyses reveal that the highly conserved positions in common in SRF-and MEF2-type domains are critical for maintaining the configuration of the DNA contacting layer and for protein dimerization. Except for the highly conserved positions in both type MADS domains, there are also some striking differences between SRF-and MEF2-type MADS domains. One is amino acid position 13 of SRF-type MADS domains, which has a highly conserved basic residue (K), whereas the corresponding position of MEF2-type MADS domains has a conserved acidic amino acid, which cannot interact with the DNA phosphate, as the basic residue (K) of SRF does. This direct interaction of SRF with DNA allows theb-loop to make connections with the DNA in the major groove, giving an explanation why theb-loop of SRF-type MADS domains is more conserved than that of MEF2-type MADS domains. In line with the similarities and differences between the two types of MADS domains, there are also some similarities and differences between the two types of MADS-binding sites. The MADS-binding sites all have an A/T-rich region in the middle; however, MEF2 sites have a distinct A/T composition from SRF sites. The inference of co-SRF-MEF2 showed that the ancestor sequence is more similar to MEF2-type MADS domains than to SRF-type MADS domains, arbitrarily concluding that co-SRF-MEF2-binding site is more similar to the MEF2 site than to the SRF site. Furthermore, we investigated the conservation, generation, and disruption of SRF sites in mammalian genomes. The results show that the evolution rate of CArG boxes is faster in the mouse genome than in the human genome, and a functional CArG box could mutate to become functionless and vice versa. A major task that lies ahead will be to elucidate what factors drive and constrain the evolution of CArG box, especially the generation and disruption of CArG box. In addition, different DNAbinding specificities occur between SRF-and MEF2-type MADS domains and even within the two types, and hence a deeper characterization of the evolution of MADS domains and their cognate DNA-binding sites may reveal a more comprehensive view of the functions of these very important and essential transcription factors in organisms during evolution.
Supplementary Material
Supplementary materials S1-S6 are available at Molecular Biology and Evolution online (http://www. mbe.oxfordjournals.org/). NOTE.-The genes were reported as experimentally verified as SRF targets in mouse or in human. The CArG boxes, which have been verified bound by SRF (reported data), are indicated by bold-faced, italicized type. The corresponding orthologous sites from other species were retrieved by BLAST (see Materials and Methods) and the substitutions across the sites in human and/or in mouse are indicated by underline using Cow and/or Dog as outgroups.
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